The activity of many proteins, including metabolic enzymes, molecular machines, and ion channels, is often regulated by conformational changes that are induced or stabilized by ligand binding. In cases of multimeric proteins, such allosteric regulation has often been described by the concerted Monod-Wyman-Changeux and sequential Koshland-Némethy-Filmer classic models of cooperativity. Despite the important functional implications of the mechanism of cooperativity, it has been impossible in many cases to distinguish between these various allosteric models using ensemble measurements of ligand binding in bulk protein solutions. Here, we demonstrate that structural MS offers a way to break this impasse by providing the full distribution of ligand-bound states of a protein complex. Given this distribution, it is possible to determine all the binding constants of a ligand to a highly multimeric cooperative system, and thereby infer its allosteric mechanism. Our approach to the dissection of allosteric mechanisms relies on advances in MSwhich provide the required resolution of ligand-bound states-and in data analysis. We validated our approach using the well-characterized Escherichia coli chaperone GroEL, a double-heptameric ring containing 14 ATP binding sites, which has become a paradigm for molecular machines. The values of the 14 binding constants of ATP to GroEL were determined, and the ATP-loading pathway of the chaperone was characterized. The methodology and analyses presented here are directly applicable to numerous other cooperative systems and are therefore expected to promote further research on allosteric systems.
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chaperonins | Hill coefficient M ultimeric proteins are often subject to allosteric regulation that is achieved by conformational changes induced or stabilized by ligand binding (1) . Such allosteric regulation has been described by two classic models: (i) the Monod-WymanChangeux (MWC) model (2) , in which conformational changes occur in a concerted manner and symmetry is conserved, and (ii) the Koshland-Némethy-Filmer (KNF) model (3), in which conformational changes take place in a sequential manner and symmetry is broken. In addition, it has been proposed more recently that conformational changes can take place in a probabilistic manner (4) . The allosteric control of protein activity is frequently manifested in sigmoidal plots of initial reaction velocity or fractional saturation as a function of the ligand (substrate) concentration that indicates positive cooperativity in ligand binding. It has been impossible, however, to extract any mechanistic insights from these plots (5) because they only show how an average property of the ensemble (e.g., fractional saturation) changes with ligand concentration and do not reveal how the distribution of ligand-bound states changes with ligand concentration. Thus, for example, it is not possible to determine from such sigmoidal plots whether an allosteric transition takes place in a concerted MWC-like fashion (2) or via a sequential KNF-like mechanism (3). This is important because the efficiency of molecular machines is path-dependent, and thus may depend on the mechanism of allosteric switching. It has also been difficult to determine from such sigmoidal plots how the extent of cooperativity changes with ligand concentration, which may be of importance when there are fluctuations in the physiological concentration of a ligand. Fits of these plots to the Hill equation (6) yield one value of the Hill coefficient, which is a measure of the extent of cooperativity, but the value of the Hill coefficient actually changes with ligand concentration (SI Text). The dependence of the Hill coefficient on ligand concentration was shown many years ago in the case of hemoglobin (7), for which it was possible to measure fractional saturation at a range of substrate concentrations that changed by more than four orders of magnitude; however, in general, measurements for such a range of concentrations are not possible. It has also not been possible, except in a few cases such as binding of carbon monoxide to hemoglobin (8) , to determine the distribution of ligand-bound species as a function of the extent of ligand saturation. Here, we show that the populations of all coexisting states (9, 10) , which differ in the number of bound ligand molecules, can be determined by structural MS from a single spectrum owing to the high resolving power of this technique, thereby facilitating analyses of allosteric mechanisms that could not be carried out before thereby facilitating analyses of allosteric mechanisms that could not be carried out before.
Results and Discussion
Our approach is illustrated here for the chaperonin GroEL, which displays intraring positive cooperativity and interring negative cooperativity in ATP binding, with respect to ATP (11) . The experiments described here were carried out using a quadrupoletime-of-flight (Q-TOF) high-mass type of mass spectrometer that has lower resolution in comparison to the Orbitrap instrument (Thermo) (12) . MS conditions were therefore first optimized to achieve highly resolved peaks reflecting the small differences in mass between apo-GroEL (801,312 Da) and its nucleotide-bound states (Table S1 ). A series of volatile buffers that are compatible with the structural MS approach were screened for their ability to increase the accuracy of the mass measurement by reducing charge and minimizing the association of water or buffer molecules (Fig.  S1 ). In addition, buffers such as ammonium acetate were avoided because NH 4 + can substitute for K + in promoting ATP hydrolysis by GroEL (13) . We discovered that ethylenediammonium diacetate (EDDA), a buffer that, as far as we know, has not been used before in MS experiments, gave peaks that were extremely well resolved, thereby enabling us to distinguish between the different nucleotide-bound forms of the intact GroEL complex (Fig. 1) .
MS spectra of 1 μM GroEL, in the presence of 1 mM Mg 2+ , 200 mM EDDA (pH 7), and different nucleotide concentrations ranging from 0 to 100 μM, were acquired to determine the number of bound ATP molecules as a function of ATP concentration. On addition of ATP to GroEL, a fine structure is seen within every one of the charge series. Mass measurements of these peaks correspond closely to different numbers of bound ATP molecules, with an average mass shift of 534 ± 17 Da, which is in close agreement with the mass of ATP and Mg 2+ ion (531 Da) (Table S1 ). This result is shown in Fig. 1 for GroEL in the presence of 5 μM ATP. Each of the charge states of the 14-mer GroEL has an overlay of peaks that are compatible in mass to zero, one, two, three, and four bound nucleotide molecules. To assist with the assignment of the peaks arising from this heterogeneous ensemble, we deconvoluted the spectrum corresponding to the 58 + charge state of the different ATP-bound GroEL species. It can be seen that the profile of the deconvoluted spectrum fits the observed peaks very closely (Fig.  1C) . The GroEL spectra acquired for different concentrations of ATP were all analyzed in a similar manner. Strikingly, the gradual increase in the number of bound ATP molecules can be clearly observed by superimposing spectra acquired in the presence of increasing ATP concentrations (Fig. 2) .
The relative populations of the different ATP-bound GroEL species were determined by measuring the areas of the assigned peaks within each charge state. We took advantage of the multiple charging phenomena displayed in the electrospray ionization (ESI) method (14) by using the different charge states as replicas (Fig. S2) . A drawback, however, of the ESI method is that the increase in ligand concentration that occurs during the desolvation process of droplets can lead to nonspecific binding (15) . We removed the contribution of nonspecific binding of ATP to GroEL by applying a mathematical treatment developed previously (16) (SI Text), which is based on calculating the nonspecific binding constant from the MS data, thereby isolating the true ATP binding number distributions of GroEL at different concentrations of ATP (Fig. 3) . Given these number distributions, it was possible to calculate the value of the Hill coefficient, n H , at different degrees of saturation of GroEL's ATP binding sites using Eq. S6. The value of n H is found to increase with increasing substrate saturation from about 1 to a maximum of 2.33 ± 0.04 and then to decrease back to 1 (Fig. 4A) . The maximal value reached matches perfectly the single value of n H of 2.31 ± 0.14 obtained from fitting the plot of fractional saturation determined from the MS data, as a function of ATP concentration, to the Hill equation (Fig. S3) . It is also consistent with the value of n H of 2.68 ± 0.29 determined from fitting to the Hill equation data of initial rates of ATP hydrolysis by GroEL, in the presence of the EDDA buffer, at different ATP concentrations (Fig. S4A) . The somewhat higher value of n H determined using the ATPase assay is likely to be due to the different K + and Mg 2+ concentrations in the two experiments because these ions are required for hydrolysis but interfere with the MS concentrations, but this has been observed previously only for hemoglobin, to the best of our knowledge, owing to various experimental limitations. The MS approach described here also allows determination of the values of the 14 potentially different binding constants of ATP for GroEL. Positive cooperativity in ligand binding implies that the affinity of a ligand increases with increasing ligand occupancy; however, in general, the values of the different binding constants for successive binding reactions cannot be resolved using conventional kinetic approaches. Knowledge of the values of the successive binding constants provides a way to validate or rule out potential allosteric mechanisms. In the case of the concerted MWC model (2), for example, the values of all 14 binding constants can be expressed as functions of the equilibrium constant, L, between the low-affinity (T) and high-affinity (R) states of the protein for the ligand and the respective ligand binding constants, K T and K R , of these states. By contrast, no mathematical relationship between the different binding constants is necessarily expected in the case of the KNF model (3). The successive ATP binding constants of GroEL were calculated from the MS data using Eq. S7 and then corrected using Eq. S8 to take into account the fact that the number of ways a ligand can bind or dissociate from the protein depends on its ligation state. For example, there are 14 sites to which the first ATP molecule can bind and only 1 site from which it can dissociate, whereas there is only 1 site to which the 14th ATP molecule can bind and 14 sites from which it can dissociate. Fig. 4B shows that the values of the statistically corrected binding constants display a biphasic dependence on the binding number (17) . The data in Fig. 4B were fitted to Eq. S9, which assumes that each ring of GroEL is in equilibrium between T and R states for ATP, in accordance with the MWC model, and that the GroEL double-ring is therefore in equilibrium between TT, TR, and RR states (11, 17) (Fig. 4C) . The excellent fit of the data to this equation provides compelling evidence for the concerted nature of the intraring allosteric transitions as first assumed in the nested allosteric model for GroEL (11, 17) .
The estimates obtained from the fit for the values of K T and K R and the allosteric constants for the TT→TR and TR→RR transitions are in line with the lower affinity for ATP of the T state compared with the R state and reflect the strong negative cooperativity between rings. The values of the different parameters are thus consistent with the nested model, although they differ from earlier estimates (17) because of the different buffer and Mg 2+ and K + concentrations used. A plot of the fractional saturation as a function of ATP concentration that was simulated using the parameter values obtained here yields a monophasic sigmoidal curve, and not a biphasic curve as observed before (17) , despite the existence of negative interring cooperativity (Fig. S4B) . Consistent with this simulation, plots of the dependence on ATP concentration of the fractional saturation determined from the MS data (Fig.  S3 ) and of initial rates of ATP hydrolysis, in the presence of the EDDA buffer (Fig. S4) , were also found to be monophasic.
The parameters obtained from the fit of the data in Fig. 4B were used to calculate the relative equilibrium populations of the species in the scheme shown in Fig. 4C . The results show that at least three ATP molecules need to bind to the first ring that switches from T to R in order for its R state to become as (or more) stable than its T state. By contrast, five ATP molecules need to bind to the second ring in order for its R state to become as (or more) stable than its T state, thereby reflecting again the interring negative cooperativity. Overall, our results provide experimental evidence supporting the nested model (17) , but they show that switching from the T to R state occurs mostly after binding of three to five ATP molecules to the T state.
Conclusions
The MWC model put forward about 50 y ago (2) has been applied to a wide range of systems (18, 19) , but the debate between proponents of the concerted (MWC) and sequential (KNF) models has continued. Distinguishing between these allosteric mechanisms is of fundamental interest and is also important because of their functional implications. For example, it has been suggested that eukaryotic chaperonins undergo sequential ATP-promoted allosteric transitions that support domain-by-domain protein folding, whereas prokaryotic chaperonins, such as GroEL, undergo concerted transitions that lead to release and folding in one step (20) . The work described here shows that structural MS can be used to determine the relative coexisting populations of a protein with different numbers of bound ligand molecules, thereby allowing one to distinguish between different allosteric models. We anticipate future application of our approach not only for ATP-driven machines but for many other protein assemblies that bind cofactors, drugs, and other ligands.
Materials and Methods
GroEL Expression and Purification. Expression and purification of GroEL were carried out as described (21), followed by precipitation in 45% (vol/vol) acetone (22) . Aliquots of purified GroEL were stored at −80°C in 1 M ammonium acetate buffer (pH 7.5) containing 1 mM DTT.
ATP Hydrolysis Assays. Initial rates of ATP hydrolysis by GroEL were measured using the phosphate binding protein assay (23) in 200 mM EDDA buffer containing 10 mM MgCl 2 and 10 mM KCl at 25°C. The oligomer concentration of GroEL in these experiments was 250 nM.
Sample Preparation for MS Analysis. Before MS analysis, aliquots of 5-6 μM intact GroEL complex were thawed and buffer-exchanged three times into the appropriate volatile buffer, suitable for MS analysis, using MicroBioSpin 6 chromatography columns (Bio-Rad). Buffers such as 1 M ammonium acetate, 1 M ammonium acetate supplemented with 10 mM imidazole, 200 mM triethylammonium acetate, and 200 mM EDDA were used. Mg 2+ -acetate (1 mM) was added to all buffer solutions, and the pH was adjusted to 7. Following the buffer-exchange step, samples of GroEL (1 μM) were kept on ice and then mixed in a 1:1 ratio with increasing concentrations of ATP ranging from 0 to 200 μM and incubated for 1 min at 25°C before injection into the mass spectrometer. An MJ Mini thermal cycler (Bio-Rad) was used to ensure accurate temperature control. All reagents were purchased from Sigma-Aldrich.
MS Measurements. Nanoflow ESI-MS experiments were conducted using a high-mass Q-TOF instrument adapted for a QSTAR XL (MDS Sciex) platform (24) . Conditions were carefully chosen to allow the ionization and detection of GroEL assemblies without disrupting noncovalent interactions. Aliquots of 1.5 μL were electrosprayed from gold-coated borosilicate capillaries prepared in-house as described (25) . The following experimental parameters were used: capillary voltage up to 1.2 kV; declustering potential between 100 and 150 V; focusing potential between 200 and 250 V; first and second declustering potentials of 180 and 0 V, respectively; and a focusing rod offset of 300 V. This experimental setup led to the formation of highly resolved charge series corresponding in mass to the 14-and 13-mer GroEL complexes. Only data for intact 14-mer GroEL complexes were used in the analyses reported here. Collisional activation did not alter the distributions of ATP-bound states of the 14-mers because (i) protein-nucleotide binding in the gas phase is essentially irreversible (26, 27) and (ii) subunit stripping was random, as indicated by the very similar fractional saturations of the 13-mers and 14-mers at different ATP concentrations. All spectra were calibrated externally using a solution of cesium iodide (100 mg/mL). Spectra are shown here with minimal smoothing and without background subtraction.
